The hallux valgus is a complex malposition of the first ray which occurs in 2-4% of the population. The deformity causes problems and pain during walking due to the defected functionality of the joint. Standard implants used for mild and moderate corrective surgery of the big toe -the Scarf osteotomy -are titanium bone screws and plates and do require well-experienced surgeons. The developed implant, an extraosseous clip, allows the surgeon a controlled and reproducible correction with a reduced number of surgical steps. The clip is made of Nitinol, a shape memory alloy. Due to the superelastic characteristics of Nitinol the clip gets a spring-like effect acting as a clamping force on the reconstructed bone fragments. The final design was created by anatomical tests, mechanical calculations and a finite element analysis. The minimum clamping force per clip is 43 N, offering a threefold mechanical safety compared to the acting forces in the post-operative shoe (OrthoWedge, co. Darco) calculated by biomechanical assumptions. As a next step the calculated figures need to be validated by mechanical testing.
Introduction
The hallux valgus is one of the most common clinical relevant malpositions of the forefoot (2-4% of the population [3] . Bauer and Frischhut [2] describe a frequency of 12.3% of the population (study of the National Center of Health Statistics/USA). Among women the malposition occurs about four times more often than among men [2] . The hallux valgus is a complex malposition of the first ray where the joint head of the first metatarsal protrudes medially [1, 2] . This incongruence causes problems and pain during walking depending on the degree of severity [1, 2] . This clinical picture is mostly accompanied by further deformities [1, 2] . The exact cause is a controversial issue [1, 2] . In early stages conservative therapies are used for treating the deformity, however the surgical rehabilitation of the functional balance is mostly aimed at [1, 2, 5] . There is a variety of surgical techniques which are recommended depending on the degree of severity and pathogenesis [1, 2, 5] . The scarf osteotomy (combined with the Akin osteotomy) is often used for the correction of mild and moderate degrees of severity [1, 3] . By carrying out a z-shaped osteotomy of the first metatarsal shaft, the bone fragments can be positioned with a great variability and without losing their own stability [1, 3] . The fixation is provided by screw osteosynthesis [1, 3] . Within a preliminary test, which took place in the Department of Anatomy (University Ulm), the scarf osteotomy was carried out at four forefeet being fixed with c-shaped Nitinol clip prototypes (co. International Orthopaedics) of the first generation ( Fig. 1 ) afterwards.
Fig. 1. Feasibility study in the Department of Anatomy
The general applicability could be proven, the anatomical shape, however, was insufficient, the compression force was too low and the security against relocating was also insufficient.
The aims of the further development were therefore improving the weak points of the first generation, reducing and simplifying the surgical steps as well as implementing predefined axial and rotational corrections depending on the degree of severity of the hallux deformity.
Using the superelastic characteristics of the shape memory alloy Nitinol (nickel-titanium) self-closing forces can be realised which fix the bone fragments by compression in the corrected position. The superelasticity allows elastic strains up to 8% [6] .
Methods
Based on a 3D CAD model of the foot (co. Sawbone) the implant was adapted to the anatomical condition.
To determine the different degrees of correction, the scarf osteotomy was simulated at the CAD model. Therefore the lateral shift and the medial rotation were determined and the design of the implant was accordingly adapted. For the evaluation of the implant design, titanium prototypes were made and fixed to an artificial bone (Fig. 5) .
For the mechanical design of the implant, the forces acting on the first ray were researched in the literature and also assessed within a sample measurement (Fig.  6 ) for plausibility in the context of a pressure distribution measurement (measuring system paroTec, co. paroMed).
The measurement was taken in a sports shoe and a post-operative shoe (OrthoWedge, co. Darco). The measured pressure values were transferred into a biomechanical model [4] to calculate forces of compression and bending on the first metatarsal (Tab.
2). Subsequently a stress and strain analysis of the implant during bending and at the applied state was performed using the finite element method and a shape memory material model. The plausibility of the material model has been verified by mechanical measurements and a rough calculation. Furthermore, the forces required for opening the clip and the occurring compression forces on the bone could be determined by the analysis.
Results
The improved clip design shows a rectangular profile in order to prevent its tilting at the bone. The anatomical shape is adapted to different levels of correction by the bridge length s at the back of the clip ( Fig. 2 and 3 ).
Fig. 2 and 3. Anatomical adaption
To increase the local strength, the clip can either be designed as a double clip or a module system. The corresponding module consists of two single clips which are selected preoperatively and connected intraoperatively by a connector k to form a double clip (Fig. 4) . 
The finite element analysis of the Nitinol implant mainly shows stress up to 500 MPa during opening (Fig. 7) . The values are within the superelastic area of the material. The maximum stress (~1000 MPa) is found in surface layers and therefore does not lead to any plastic deformation (Tab. 3). The calculated strains (0.0123 to 0.0129) are about five times smaller than the critical value (Tab. 3). For the fixation of the clip to the bone mounting holes are added to interact with an applicator (Fig. 9) . The intended operational principle of the applicator is similar to that of an external snap ring. 
Conclusions
The weak points of the first generation could be resolved. In the CAD surgery model the design has been created, fitting anatomically perfectly. The varying bridge lengths at the back of the clip lead to different levels of correction, and allow the treatment of mild and moderate deformities of the hallux. The ground reaction forces determined in the test agree with the values researched in literature, but it is necessary to review the bending force resulting from the test by an appropriate test. The material characteristics and the finite element model based on them should be checked and verified by further studies due to the small amount of samples and the missing information of the exact material properties.
The finite element analysis made clear that sufficient high compression forces can be applied to the bone fragments through the extraosseous osteosynthesis, provided the conditions are appropriate. The achieved values also need to be verified. The resetting function of the implant allows a controllable and reproducible corrective position.
